In activated sludge (AS) biotreatment, septic compounds such as volatile organic acids and reduced sulphur compounds have been frequently cited as a major cause of Thiothrix and Type 021N filamentous bulking. These filaments are common in Canadian pulp and paper biotreatment systems, where they cause settling problems in secondary clarifiers. We conducted a 14-week study of a TMP/newsprint mill effluent to characterize the septic compounds entering the biotreatment, and to determine correlations with AS biomass characteristics and biotreatment operating parameters. A significant correlation was found between the sludge volume index, the abundance of Type 021N, and the propionic acid (PA) concentration in the primary clarified effluent. PA also induced a significant change in the flocculating bacteria size distribution determined by digital imaging. Consequently, the correlation observed between PA and Type 021N bulking is an indirect effect of inhibition of floc-forming microorganisms, giving a competitive advantage to filaments.
Introduction
In the pulp and paper industry, progressive system closure results in lower effluent flows which create ideal conditions for production of septic compounds in mill streams and clarifiers (Robertson, 1997 , Schwingel, 1997 Fuller and Woodward, 2002) . Septic compounds are essentially by-products of anaerobic microbial metabolism. Volatile organic acids (VOA), also named volatile fatty acids (acetic, propionic and butyric acid) and reduced sulphur compounds (sulphide and thiosulphate) are major metabolites generated under anaerobic conditions (Schwingel, 1997; Bitton, 1999; Fuller and Woodward, 2002) . These compounds can generate some problems in wastewater treatment systems.
According to filament surveys performed in the USA, Canada and Europe (Richard, 1997; Bergeron and Pelletier, 2004; Fourest et al., 2004) , Thiothrix species and the different morphotypes classified under Type 021N are frequently associated with bulking episodes in pulp and paper activated sludge (AS) treatment systems. Excessive proliferation of these filaments results in higher operating costs due to poor settling. This proliferation of filaments is promoted by septic compounds in the influent, and also by deficiencies in macronutrients (Richard et al., 1985; Richard, 1997; Yamamoto-Ikemoto et al., 1998; Jenkins et al., 2003) . Richard proposed that total VOA greater than 100 mg/ L, and hydrogen sulphide (H 2 S) over 1 to 2 mg/L, promotes Thiothrix and Type 021N filamentous bulking (Richard, 1997) . Acetic acid is the main VOA in pulp and paper mill effluents (Hrutfiord et al., 1975; Sjostrom, 1993; Springer, 2000; Lenes et al., 2001) . However, acetic acid by itself does not trigger filamentous bulking by these filaments (Bergeron and Pelletier, in preparation) .
In order to better understand the role of the different septic components in bulking, we have characterized a TMP newsprint effluent and the corresponding AS biomass. The objective was to measure over several months the concentration of VOAs and reduced sulphur compounds and to correlate them with the microbiological data. Correlation analyses between all AS operating parameters and the microbiological data was also performed. This approach was necessary to ensure that the observed effects were associated with septic compounds, and not with AS operating parameters.
Material and methods
An eastern Canadian TMP newsprint mill using sodium hydrosulphite as brightening agent was selected for this survey. The mill effluent is treated by a conventional AS system configured in plug flow mode. This system has been monitored frequently by our microscopy services since 1999. Thiothrix spp., Beggiatoa spp. and especially Type 021N have been observed as the main causes of previous episodes of filamentous bulking.
Sampling campaign, preparation and analysis of the septic compounds
The sampling was usually performed once a week. Every week, samples from three sites were subjected to the same chemical analyses. Site 1 (primary influent) was located before the primary clarifier. Site 2 (primary effluent) was immediately after the primary clarifier, before the dewatering pressate entry point and cooling tower. Site 3 was after the cooling tower, just before the aeration basin. This effluent was identified as primary effluent after the cooling tower.
Samples for VOA analyses were pre-filtered on 934 AH Whatman filter. Filtrate was sterilized by passage through a 0.2 mm membrane using 500 mL Nalgene filtration unit. Sterile filtrate was cooled to 4 8C and shipped on ice to minimize microbial activity during transportation. VOAs were analysed on a Dionex LC20 ion chromatograph (IC) equipped with a GP40 gradient pump and an ED40 detector. The Dionex IC was fitted with an ICE-AS1 column and AMMS-ICE II suppressor using 0.8 mmol L 21 heptafluorobutyric acid as eluent at a flow rate 1.5 mL/min. The sampling and preparation for the thiosulphate (S 2 O 22 3 ) analyses were the same as for VOA. Determination of S 2 O 22 3 was performed according to Protocol 699 om-87 of TAPPI (1992) . For sulphide (S 22 ) analysis, 5 mol L 21 sodium hydroxide and 2 mol L 21 zinc acetate were added to sampling bottles as suggested by the protocol 4500-S 22 B & C of Standard Methods for the preservation of sulphide (1998). Sulphide determination was performed by iodometric titration according to 4500-S 2 F (Standard Methods, 1998). The concentration of hydrogen sulphide (H 2 S) was also determined by a headspace detector tube (HDT) method developed at Paprican.
Sampling, preparation and characterization of the biomass and the treated effluent
Biomass was sampled in the last cell of the aeration basin and treated effluent was sampled at the secondary clarifier overflow. Mixed liquor suspended solids (MLSS) and total suspended solids (TSS) were determined according to protocol 2540D of Standard Methods (1998) with modifications described in Bergeron and Paice (2001) . The sludge volume index (SVI) was performed according to the combined protocols 2719C and 2719D of Standard Methods at a dilution of 2 g/L with 1 rpm stirring (Standard Methods, 1998) .
Filaments were identified on the basis of morphological features in combination with cytological staining techniques (Jenkins et al., 2003) . The cellular structure of the dominant filament was compared to a Thiothrix eikelboomii ATCC 49788 pure culture. Dominant filament identification was confirmed by epifluoresence microscopy with a Fluorescent In Situ Hybridization (FISH) kit VIT-021N/Thiothrix, from Vermicon Inc., Munich. Filaments were counted according to the method cited in Bergeron and Pelletier (2004) .
Flocculating bacteria (floc) counts were measured by image analysis. Digital data were acquired with a Sony DXC-950 camcorder mounted on a Zeiss Axioskop 2 microscope. The microscope was configured in dark field to a magnification of 5 £ . The camera was interfaced with a Matrox Meteor frame grabber and controlled by Northern Eclipse (Empix Imaging Inc) image analysis software. The captured tables had a resolution of 640 £ 480 pixels and were saved in TIFF format (no compression). The floc images were acquired from MLSS specimens (15 mL) mounted between a slide and a cover slide of 22 £ 22 mm. The slide was scanned horizontally and images were captured at 2 mm intervals. The same procedure was executed vertically for a total of 20 images per slide. The light intensity was standardized and the contrast adjustment was normalized for the 14 samples analysed. Floc counting and diameter measurements were made with an automated script developed in collaboration with Empix Imaging. Data from digital images were exported to MS Excel and classified by an auto filtering function. Floc diameters were classified into four categories: , 50 mm, 50 to 149 mm, 150 to 500 mm and . 500 mm.
Statistical analysis
The present study covers a period of nearly four months of operation, from the beginning of September to mid-December 2003. Average comparison tests provide confirmation that the averages calculated from the 14 samples were representative of the averages (m 0 ) of the operating conditions during all 115 days, as established by a t test (Scherrer, 1984) .
The matrix of data, correlation matrices, and tables were constructed with MS Excel software. The Pearson coefficients of correlation (r) were chosen to measure the relations between the variables in the regression matrices. Correlation coefficients equal to or greater than^0.4 were retained for the test of significance of the Pearson coefficient of correlation (t r ). The t r was calculated with the help of Prism 3.0 software according to a decision rule based on a Student t test. The critical value of t was given by the distribution table according to the Student test with n 2 2 degrees. With a sample size of 14 (n), excluding exceptions and with an a ¼ 0.05%, t r values were considered significant when outside the interval of 2 2.179 , t r . 2.179.
Results and discussion
Microbial evidence for the presence of septic compounds in effluent Colonies of Zoogloea. High concentrations of VOA encourage the growth of other bacteria as well as certain filaments. The presence of Zoogloea spp. in the aeration basin (Figure 1) is generally associated with an elevated organic load (high F/M) and with the presence of soluble easily biodegradable compounds in the influent. Amorphous bacteria and/or the finger shape Zoogloea spp. are common in AS systems where high concentrations of VOAs are present (Jenkins et al., 2003) . These colonies were frequently observed during our study.
Presence of sulphur in filaments. The filamentous microorganisms belonging to the Beggiatoa or Thiothrix genera and Types 0914 or 021N are able to generate granular sulphur from soluble reduced sulphur compounds. Granular sulphur was frequently observed in the dominant filamentous species during the sampling period. Of the 14 samples examined, 11 had filaments where granular sulphur quantities were comparable to those shown in Figure 2 . Sulphur accumulation usually occurs when filaments can also exploit other sources of nutrients. This accumulation was a determining factor in the filament identification. According to the dichotomic key of Jenkins et al. (2003) , the dominant species is Type 021N. The trichome length often exceeded 1,000 mm and the cellular structure was too variable to be Thiothrix I. Type 021N shares many morphological features with the Leucothricea or the Cyanophycea genera (Eikelboom, 2000) . The identity of the predominant filament was verified by fluorescent DNA probes specific to Type 021N filaments (pictures not shown). However, the DNA probes used did not allow us to identify Type 021N strain specifically. The dominant filamentous bacteria identified in this study were similar to Type 021N strain AP3 belonging to group II (Beinfohr, 2004; Kanagawa et al., 2000) .
Correlation analysis: filament quantity and septic conditions
There is a commonly held belief that septic compounds provide an advantageous energy source for Thiothrix and Type 021N filaments. The metabolism of both filaments is similar, with the exception that Thiothrix is an obligatory mixotrophe, i.e. the combined presence of reduced sulphur and organic acids is necessary for proliferation (Wanner, 1994) . During the 14-week study, Type 021N dominated within the population of filamentous bacteria. The statistical estimators in Table 1 describe the average exposures and variations of the total filamentous population to septic compounds measured after the cooling tower. The median concentrations of total VOA and reduced sulphur compounds were sufficient to encourage and to maintain the growth of Type 021N (Richard, 1997) . However, no meaningful correlation between septic compounds and the number of filament counts was found (Table 1) . VOA and S 2 O 22 3 concentrations were invariably sufficient for growth of Type 021N. The total VOA dosage was less than 100 mg/L for only three of the 14 samples examined. The lowest values were 92.5 mg/L, 98.2 mg/L and 99.6 mg/L, very close to the 100 mg/L suggested by Richard (1997) .
The total VOA measurement may conceal the impact of a specific VOA on the filamentous population. A possible relation between filamentous bacteria counts and individual VOAs is shown in Table 2 . Contrary to expectations, a meaningful correlation was observed between the filamentous bacteria counts and propionic acid (PA). An increasing population of filaments dominated by Type 021N occurred with increasing PA in the effluent entering the biotreatment. We therefore studied the relationship between PA and Type 021N in more detail. We began by verifying other operating conditions habitually favourable to promoting 021N growth.
Correlation analysis: Other factors known to encourage Type 021N
The results shown in Table 1 suggest that reduced sulphur compounds, unlike PA, do not play a meaningful role in the proliferation of filaments. Literature indicates (Eikelboom, 2000; Duine and Kunst, 2002; Jenkins et al., 2003; Richard, 2003) that other factors such as nutrient deficiency, BOD load, F/M ratio, and a lack of dissolved oxygen can also encourage Type 021N. Table 3 presents the statistical estimators for these confounding variables including correlation analyses with filamentous bacteria counts. All averages from Table 3 were found to be representative of long-term mill operation (data not shown).
Nutrient deficiencies were not generally resulting from a chronic lack of nutrient addition. Rather they usually occurred during peak loading conditions when large quantities of soluble BOD were present. Table 3 shows an average BOD:P ratio of 100:0.5. The correlation coefficient for BOD:P with filamentous bacteria was close to zero (Table 3) . This means that the phosphorus availability relative to BOD peak load did not coincide with increased filament counts. However, this observation contradicts the significant inverse correlation observed between residual orthophosphate (O-PO 4 ) in the aeration basin and filamentous counts (Table 3) . With the exception of residual O-PO 4 , no meaningful correlation was found between these confounding variables and the quantity of filamentous bacteria (Table 3) . We consider the significant negative correlation between O-PO 4 residual and filamentous bacterial counts to be coincidental because, unlike with PA (see next section), there was no correlation of O-PO 4 residual and changes in floc size distribution (data analysis not shown).
Explaining the influence of PA At this point, the statistical tests have demonstrated a link between PA and filamentous bacterial counts (Table 2) However, finding a meaningful correlation between these two variables does not imply necessarily a cause and effect relationship. The literature abounds with reports that VOAs encourage the growth of filamentous bacteria, but it has never been demonstrated that filaments use VOAs advantageously as a carbon source in order to grow more quickly than flocculating bacteria. It has, however, been demonstrated that formic acid (FA), acetic acid (AA) and butyric acid (BA) are sources of carbon for AS biomass whereas PA is toxic (Marshall, 2003) . According to AS troubleshooting manuals (Wanner, 1994; Jenkins et al., 2003) , an increasing quantity of small flocs can be caused by toxic compounds in the effluent. However, toxicity due to heavy metals, a parameter not measured in this study, is not possible here because the filamentous bacteria population would be affected more than flocculating bacteria by heavy metals (Heine et al., 2002; Jenkins et al., 2003) .
PA is a wide spectrum conserving agent with bactericide, fungicide, insecticide and antiviral properties (Ullmann's Encyclopedia, 2002) . As a bactericide, it is effective against several species of Gram-negative bacteria such as E. coli and Salmonella spp. The Gram-positive bacteria are less sensitive to PA. The mode of action is not entirely understood but because it is an acid, its bacteriostatic effect would depend on its dissociation state. PA toxicity for AS biomass has been demonstrated by oxygen uptake measurements (Marshall, 2003) . According to our current knowledge, PA interferes with biosynthesis and accumulation of poly-hydroxybutyrate (PHB) in some flocculating microorganisms (Lee et al., 1997; Doi et al., 1998) . PHB formation is an important carbon storage mechanism in such bacteria.
Results from digital image analysis of the AS biomass suggest that PA disfavours flocculation of bacteria. Table 4 regroups correlation analyses between each floc size distribution and all septic compounds measured in the effluent entering the aeration basin. According to these analyses, a decrease of flocs of size 150-500 mm (r ¼ 0.56) and an increase of flocs with , 50 mm (r ¼ 0.57) occurs simultaneously with PA increase. This indicates that PA has a toxic effect on flocculating bacteria, causing a slowing or shutdown of growth, with a partial deflocculating effect on the flocs sized between 150 mm and 500 mm. On the other hand, the PA appears not to be toxic to Type 021N filaments because they continue to grow at higher PA concentrations (r ¼ 0.59, Table 2 ) when deflocculating was observed. Thus, the observed correlation between PA and filaments is an indirect result of floc disruption. In other words, PA is not a preferential carbon source for Type 021N filaments but its inhibitory effect on flocs indirectly promotes Type 021N.
Conclusions
This 14-week effluent treatment study showed that propionic acid (PA) can cause filamentous bulking in activated sludge biotreatment. PA is toxic to flocculating bacteria thus providing a competitive advantage for filament growth. This could explain the often observed influence of septicity on activated sludge bulking. There was no indication that Type 021N used PA advantageously as a carbon source when nutrient dosage was adequate. Digital image analyses showed rather that the PA had a toxic effect on flocculating bacteria. The positive correlation observed between filaments and PA is therefore an indirect consequence of growth inhibition or deflocculation of flocculating microorganisms. Type 021N growth is not inhibited by PA and the filament thus proliferates. 
